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ABSTRACT We have performed two molecular dynamics
computer simulations of two 10-base-pair segments of DNA
molecules immersed in water. The goal of these simulations is
to study the structural and dynamical properties of water
between the DNA molecules. We have observed water ordering
next toDNA surfaces. Existence of such ordering was proposed
earlier by Marcelia and Radic [Marcelia, S. & Radic, N. (1976)
Chem. Phys. Left. 42, 129-130] to explain strong hydration
forces between macromolecular surfaces.
Rau et al. (1) have shown thatDNA polyelectrolyte molecules
in aqueous solution strongly repel each other, when the
interaxial distance is about 35 A, at which point the shortest
distance between DNA molecules is z15 A. This force grows
exponentially when the molecules are brought together. The
exponential decay constant A is in the range of 2.5-3.5 A and
does not depend on the ionic strength but slightly depends on
the type of the ions in the solution, which is contrary to the
predictions of double-layer theory. The same type of a
repulsive force is observed in experiments on interaction
between surfaces of neutral or charged phospholipid mem-
branes at short distances (see, for example, refs. 2 and 3).
It is argued that the strong repulsive force observed in the
experiments with the DNA and phospholipid membrane is
derived from the work required to remove water of hydra-
tion. Therefore, the force is termed hydration force. To
explain the nature of the hydration force, Marcelja and Radic
(4) formulated a theory, which suggests the existence of an
order parameter for water between macromolecular surfaces.
According to the theory the pressure P due to the repulsive
force has a value Ps at macromolecular contact and then
decays exponentially with distance d, i.e.,
P = Ps exp(-d/A). [1]
Also, according to the theory the value ofPs is determined
by the degree to which the surface orders the water (there-
fore, P. depends on the properties of the surface). The decay
constant A is determined by the degree to which the ordering
is propagated through water and, therefore, characterizes
water only.
The investigation of water ordering next to the surface of
biological molecules attracts considerable attention of re-
search groups performing computer simulations (5-9). But in
most simulations the surfaces were represented by simplified
models. For example, in one of the most reliable simulations
(8), the biopolymer surfaces were represented by flat hydro-
phobic walls. These surfaces produced density oscillations
and significant orientation preferences that extended 7-10 A
into the liquid water. The water structure near the wall in that
case was characterized by "dangling" hydrogen bonds in
which the typical water molecule at the surface had one
hydrogen-bonding group oriented toward the hydrophobic
surface. Subsequently it was shown that the same orienta-
tional ordering exists in ionic aqueous solution next to a
charged wall (10).
In this paper we describe a molecular dynamics computer
simulation study of water between the surfaces of DNA
molecules. The DNA molecules were chosen because oftheir
relation to the experiment discussed in ref. 1 and because of
the existence of reliable potential functions for computer
simulations.
Computer simulations help us confirm experimental ob-
servations on DNA hydration and allow us better under-
standing of this phenomena. Thus Seibel et al. (11) performed
a molecular dynamics simulation of a double-helical B-DNA
including counterions and water. Swamy and Clementi (12,
13) performed a molecular dynamics study of Matsuoka,
Clementi, and Yoshimine (MCY) water in the presence of
B-DNA and Z-DNA to investigate structural and dynamical
properties ofwater in the presence of nucleic acids. Reddy et
al. (14) investigated small ion dynamics in model DNA/NaCl
solution using Brownian dynamics computer simulation tech-
nique and compared the results with the data from high-field
NMR results. Subramanian et al. (15) confirmed the exis-
tence of a "spine of hydration" in the minor groove of
B-DNA, proposed by Drew and Dickerson (16) on the basis
of x-ray data. Here we show that our computer simulations
qualitatively agree with the suggestions of the Marcelja-
Radic theory (4).
METHODS
In this section we discuss the model used and details of the
energy minimization procedure we carried out. We then
describe the details of molecular dynamics simulations.
Model and Energy Minimization Procedure. Initially we
constructed a poly(dG-dC) 19-base-pair B-type double helix
by the Arnott prescription (17). Na' counterions were placed
at random locations less than 3 A from the phosphorus atoms.
The structure of the double helix was minimized (without
solvent) using the AMBER (version 3.0) package (18, 19). Then
the energy minimized solute was placed into a large water
bath constructed of repeated cubes of transferable intermo-
lecular potential (TIP3P) water molecules, which were a
snapshot from a Monte Carlo simulation of liquid water (20).
The water molecules, which were located less than 1.0 A
from any solute atom were removed. Subsequent to this
removal, 1521 water molecules remained in the box.
Then the structure ofDNA was minimized in the presence
of solvent and counterions using the periodic boundary
conditions. An 8-A cutoff was used for nonbonded interac-
tions and neighborhood lists were updated every 50 steps.
The steepest descent method was used for the initial 200 steps
of minimization followed by the conjugate gradient method
until we obtained required convergence.
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FIG. 1. Cosine distributions of 0 (dashed line) and 1 (solid line) in the region between the DNA molecule in the first simulation. The
distributions are shown for four 2-A-thick layers, starting with the layer 1 next to the left DNA molecule. Layer 4 is next to the right DNA
molecule.
Since our interest was to study the properties of water
between two DNA double helices (surfaces), we placed two
energy-minimized segments ofB-DNA helices in the z-x plane
parallel to the z axis. We performed two simulations: in the first
one the interaxial distance between two segments (x direction)
was 28.93 A; in the second simulation this distance was 40.93 A.
We solvated the DNA segments by placing them into a large
water bath. The water molecules, which were less than 1.0 A
from any solute atoms, were removed. The total volume of the
box in the first simulation was 57.86 x 28.78 x 36.04 Al (69.86
x 28.78 x 36.04 A3, in the second).
Molecular Dynamics Simulation. Each DNA segment was
comprised of 636 explicit atoms. The hydrogen atoms were
considered explicitly. The total number of solute atoms was
1312 including 40 counterions, and the total number of
solvent molecules was 1560 in'the first simulation and 1955 in
the second. The positions of the atoms comprising the two
DNA segment were fixed. Therefore, we needed to solve
Newton's equations of motion only for counterions and
solvent.
The interactions among the Na' counterions and H20 and
between each of these and the atomic sites in the polymer
were explicitly evaluated. The potential parameters were
taken from the AMBER data base. The two DNA segments
being considered, counterions and water molecules, were
contained in a large rectangular box. Periodic' boundary
conditions were used in all directions. A spherical cutoff at
8.0 A was used in the calculation of interaction energies and
forces.
The dynamics of the counterions and water atoms were
simulated using the Verlet algorithm (21) and' Shake proce-
dure (22). A time step of At = 2 fs was used. The system was
initially equilibrated for 10 ps followed by 30 ps for accumu-
lation time in every simulation. The average temperature was
298 K in both simulations.
RESULTS
For the purpose of analysis of final data an imaginary
rectangular box of water was carved out between two
segments ofDNA. The box contained mostly water, but a few
Na' counterions were also present. The dimensions of the
box were 8 A along the x axis, 28.78 A along the y axis, and
36.04 A along the z axis in the first simulation. In the second
simulation the y and z dimensions remained the same but the
x dimension was extended to 20 A. On the average seven Na'
ions were also found in the boxes during the run.
According to Marcelja-Radic theory (4) orientational or-
dering is imposed on water between surfaces. To see if such
ordering indeed exists, we performed the following analysis.
In the first simulation our box of width 8 A was divided into
four 2-A layers. For each layer two orientational distributions
were calculated. One distribution is for cosines of an angle,
0, between a unit vector along the dipole moment and a unit
vector along the x axis. A second distribution is for cosines
ofan angle, 1', between a unit vector along 0-H direction and
a unit vector along x axis.
The results are shown in Fig. 1. The 0-angle distribution
clearly indicates that the dominant configuration of water
molecules next to a DNA surface is the one with a water
dipole moment pointing along the x axis and perpendicular to
the axis of DNA. Though this preference in configuration is
pronounced for the layer next to DNA surface, it disappears
for the layer in the middle ofthe box. The ¢-angle distribution
is consistent with the 0-angle distribution. If asked to draw
a schematic representation of the results in Fig. 1, one would
end up with Fig. 2, which is a pictorial representation of the












FIG. 2. Pictorial representation of Marcelja-Radic theory (4).
Due to the preferential orientation and symmetry, the resulting dipole
to the left of the midplane 00' repels the dipole to the right of the
midplane. This is the origin of the hydration force.
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FIG. 3. Cosine distributions of 0 (dashed line) and 41 (solid base) in the region between the DNA molecules in the second simulation. Layer
1 is next to the left DNA molecule, and layer 10 is next to the right DNA molecule.
average of cos 0 for every layer, which measures the degree
of polarization. The results are given in Table 1.
In the second simulation the box was divided into 10
2-A-wide layers. The orientational distribution functions
obtained in this simulation are depicted in Fig. 3. Of interest
to us are only the distributions in layer 1 and 2, which are next
to the left DNA, and layer 9 and 10, which are next to the right
DNA. The degrees of polarization in these layers was also
calculated and given in Table 1. The orientational distribution
functions of layers 3-8 are flat (like in bulk water) and,
therefore, the degree of polarization is close to zero.
DISCUSSION
What do we learn from our simulations? First of all, in our
first simulation, where the interaxial distance between DNA
molecules is -29 A, we observe the tendency for the water
dipole to be perpendicular to the DNA surface. This tendency
is different from the one observed in all the previous
simulations (24), where the water dipole moment was ori-
ented parallel to the wall, including the case of the charged
walls (10). The orientation of water molecules adjacent to the
DNA surfaces with their hydrogens pointing toward the
surface is due to the negatively charged phosphate groups of
DNA molecules. But one should not forget positively charged
counterions, which will try to disorient water molecules. As
our simulations show, the phosphate groups have an upper
hand. But one should expect that the nature of counterions
should play a role in degree of polarization and, therefore, in
the strength of hydration force. Indeed, the experiments
confirm this suggestion (1), with Li' counterions conferring
the weakest repulsion and with Cs' conferring the strongest.
The second and very important observation we can make
from our computer simulations is that the degree of polar-
ization of the water layer adjacent-to-surface depends on the
Table 1. Degree of polarization
First simulation Second simulation
Layer, no. m Layer, no. m
1 0.173 1 0.071
2 0.055 2 0.013
3 0.076 9 0.021
4 0.225 10 0.103
Degree of polymerization, I(M,)/(M,)oI = m.
distance between the DNA surfaces. Thus in the second
simulation (when the interaxial distance was =40 A) the
degree of polarization of water next to surface was less than
half of the polarization observed in the first simulation. Why
this is so, can be explained in the following way. When the
surfaces are far apart (like in our second simulation), there is
enough space in between them for water to have bulk
character. While the DNA surface is trying to orient a water
molecule in such a way that its dipole is perpendicular to the
surface, the bulk water between surfaces is trying to orient
the water dipole parallel to the surface. When the dipole
moment is parallel to the surface, three hydrogen bonds are
available for the bonding to the bulk; whereas, when the
dipole moment is perpendicular to the surface, only two
hydrogen bonds are available for bonding. The polarization of
the adjacent-to-surface layer is the result of an interplay of
these tendencies. When the surfaces are far apart the influ-
ence of bulk water between surfaces is large, the polarization
of surface layers is small. By bringing the surfaces closer
together the influence of bulk water between surfaces is
diminished (the amount of bulk water is diminished) and the
polarization of water layers next to surface is increased. The
result is the strong increase in surface repulsion.
The present simulations confirm the existence of the order
parameter in water between the DNA surfaces and, there-
fore, suggest that the qualitative explanation given for the
hydration force by Marcelja-Radic theory (4) is correct. Still
many questions remain unanswered. For example, how
important is it to allow the DNA motion in the simulation? Or
why does Mn2+ collapse DNA and Ca2' does not (specific
salt effect) (1)? These questions and many others warrant
future studies on structural and dynamical properties ofwater
between macromolecular surfaces.
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